Pneumococcal meningitis resulting from Strepto coccus pneumoniae has a death rate of 28% in adults. In severe head injury and stroke, inflammatory changes and intracranial hypertension are improved by induced hypothermia, which also is neuroprotective. We hypothesized that moderate hypother mia ameliorates inflammatory changes in experimental pneu mococcal meningitis. Wi star rats were cooled systemically, and meningitis was induced by pneumococcal cell wall compo nents. The increase of regional cerebral blood flow in the men ingitis animals was blocked by hypothermia at 6 hours. The Meningitis in adults caused by the most frequent pathogen, Streptococcus pneumoniae, still carries a death rate of 28% (Durand et aI., 1993). The acute phase of meningitis is characterized by the most relevant factors for the disastrous outcome: influx of leukocytes into the cerebrospinal fluid (CSF), breakdown of the blood-brain and blood-CSF barrier, brain edema, increased CSF out flow resistance, and cerebrovascular complications, all of which contribute to intracranial hypertension (Quagli arello and Scheid, 1992). Besides the inflammatory re sponse and possibly the effect of these alterations, bac terial factors may cause neuronal injury (Braun et aI., 1999), which is responsible for the second clinical prob lem: permanent sequelae in up to 50% of the survivors (Bohr et aI., 1984).
Summary: Pneumococcal meningitis resulting from Strepto coccus pneumoniae has a death rate of 28% in adults. In severe head injury and stroke, inflammatory changes and intracranial hypertension are improved by induced hypothermia, which also is neuroprotective. We hypothesized that moderate hypother mia ameliorates inflammatory changes in experimental pneu mococcal meningitis. Wi star rats were cooled systemically, and meningitis was induced by pneumococcal cell wall compo nents. The increase of regional cerebral blood flow in the men ingitis animals was blocked by hypothermia at 6 hours. The Meningitis in adults caused by the most frequent pathogen, Streptococcus pneumoniae, still carries a death rate of 28% (Durand et aI., 1993) . The acute phase of meningitis is characterized by the most relevant factors for the disastrous outcome: influx of leukocytes into the cerebrospinal fluid (CSF), breakdown of the blood-brain and blood-CSF barrier, brain edema, increased CSF out flow resistance, and cerebrovascular complications, all of which contribute to intracranial hypertension (Quagli arello and Scheid, 1992) . Besides the inflammatory re sponse and possibly the effect of these alterations, bac terial factors may cause neuronal injury (Braun et aI., 1999) , which is responsible for the second clinical prob lem: permanent sequelae in up to 50% of the survivors (Bohr et aI., 1984) . reduction of intracranial pressure correlated with temperature.
The influx of leukocytes into the cerebrospinal fluid and levels of tumor necrosis factor ex in the cerebrospinal fluid were de creased. Cooling the animals 2 hours after meningitis induction to 3D.SOC was also protective. We conclude that hypothermia is a new adjuvant approach to reduce meningitis-induced changes, in particular intracranial pressure, in the early phase of the disease. Key Words: Brain edema-Cerebral blood flow Intracranial hypertension-Laser Doppler flowmetry.
Induced hypothermia is an established tool used to protect the central nervous system during surgery (Sessler, 1995) . Part of this protection is probably due to reduced brain metabolism and oxygen consumption (Croughwell et aI., 1992; Marion et aI., 1993; Metz et aI., 1996) . Further, hypothermia reduces cerebral blood flow in various models (Greeley et aI., 1993; Marion et aI., 1993) . Severe brain injury is complicated by a cascade in volving similar inflammatory mediators and mechanisms like bacterial meningitis that may cause brain edema and increased intracranial pressure (ICP) (Goss et aI., 1995) . Induced hypothermia reduces increased ICP (Marion et aI., 1993; Metz et aI., 1996) , neurologic deficits (Marion et aI., 1997) , elevated CSF cytokine levels (Goss et aI., 1995) , and histopathologic changes (Dietrich et aI., 1994) in experimental brain injury. As a result, hypo thermia improved the survival rate in an animal model of severe brain injury (Clark et aI., 1996) . Thus, hypother mia is widely accepted as an adjuvant therapy in patients with severe brain injury and otherwise uncontrollable intracranial hypertension (Marion et aI., 1993; Metz et aI., 1996) .
In focal cerebral ischemia, there are extensive experi mental data on the effect of induced hypothermia (Maher and Hachinski, 1993) . In short, a reduction of brain tem perature of 2°C or more results in markedly diminished neuronal damage and infarct size and in improved clini cal outcome.
To date, there have been only two studies on induced hypothermia in meningitis. McCredie (1962) reported four children with meningococcal meningitis treated by hypothermia. A recent study showed a reduction of ex citatory amino acids in bacterial meningitis under hypo thermic conditions (Irazuzta et aI., \999) .
Against this background, we hypothesized that induc tion of moderate hypothermia has a beneficial effect on increased regional cerebral blood flow (rCBF) and ICP, leukocyte influx to the CSF, and levels of tumor necrosis factor a (TNF-a) in the CSF during the early phase of pneumococcal meningitis.
METHODS

Animal preparation and experiments
We used a rat model of bacterial meningitis that has been described in detail (Weber et aI., 1995) . In short, male Wistar rats (280 to 300 g) were anesthetized using thiopental (Trapa nal; Byk-Gulden, Konstanz, Germany) and mechanically ven tilated with oxygen-enriched room air by a small-animal ven tilator (AP-l; Effenberger, Pfaffing, Germany). The left femo ral vein and artery were cannulated and 2 mL 0.9% saline was infused per hour. For meningitis induction and ICP measure ment, a bur hole was drilled at the occipital pole and the cis terna cerebromedullaris was punctured.
Epidural temperature (ET) was used to determine the degree of hypothermia because it correlates closely with brain tem perature (Miyazawa and Hossmann, 1992) . For ET measure ment, a craniotomy 2 mm in diameter was made 3 mm left of the sagittal suture and 2 mm caudal to the bregma. The under lying dura mater was left intact and under microscopic control a 0.2-mm temperature probe (T211; Physitemp Instruments, Clifton, NJ, U.S.A.) was carefully slid between bone and dura mater. Using a micromanipulator, a laser Doppler probe was placed on the right parietal bone in an area thinned and free of large vessels for rCBF measurement. During preparation, target temperature (ET 36.5°C, 34.5°C, 32.0°C, or 30.5°C) was reached and kept within a range of ±0.5°C. For hypothermia, a spontaneous reduction of body temperature was allowed; if necessary, a slow cooling of the body skin was performed by cool packs or warming using a heating pad. The target tem perature was reached before rCBF recording. After a stable baseline of rCBF was recorded for at least 20 minutes, 75 mL CSF was withdrawn using the cisternal catheter and replaced by a sample of equal volume. In the posttreatment group, ani mals were cooled 2 hours after meningitis induction to ET = 30.5°C (during a period of 20 to 30 minutes). After 6 hours, the experiments were terminated by intravenous injection of KCI. 
Induction of meningitis
A preparation of pneumococcal cell walls was injected in tracisternally (75 J..L L). The preparation has been described in detail (Weber et aI., 1995) . In brief, a non encapsulated strain of 
Experimental groups
The experimental groups were as follows: 
Statistical analysis
All data are expressed as mean ± standard deviation. Means of independent groups were compared by one-way analysis of variance and Student-Newman-Keuls multiple comparison; means of two independent groups were compared by the Mann Whitney rank test. All statistical tests were done using SPSS for Windows 6.1 statistical software. P < 0.05 was considered significant.
RESULTS
At every time point, ET was lower than body tempera ture (mean Ll 1.6 ± 0. 1 0C). ET was different at different time points in different groups (Table 1) .
In all groups, the mean arterial pressure, arterial pH, pC0l> and p02 were in the normal range at any time (see Table 1 ). Between groups, there were no significant dif ferences. Mean arterial pressure, however, tended to be lower at later time points in the 30.5°C meningitis group than in all other groups, but the difference was not sig nificantly. In no animal did it fall to less than 70 mm Hg.
In control groups (normothermic and hypothermic), rCBF and ICP did not change over time ( Figs. 1 and 2,  Table 2 ), and the CSF white blood cell count was within normal limits «5 per f.LL). These two control groups did not differ significantly. In normothermic animals, intra cisternal injection of pneumococcal cell wall compo nents resulted in a significant, slowly developing in crease in rCBF (at 6 hours after meningitis induction, 212 ± 40% of baseline values) and in ICP (Ll 6 hours vs. baseline, 7.0 ± 2.8 mm Hg), as well as in marked CSF pleocytosis (5636 ± 1126 cells per f.LL). Hypothermia of 34.5°C or lower abolished the rCBF increase in the men ingitis groups; the rCBF in all hypothermic meningitis groups was not significantly different from normother mic controls. ICP correlated with temperature (at 6 hours, ? = 0.4 128, P < 0.00 1), decreasing 1. 1 mm Hg per degree; in the 30.5°C meningitis group, ICP did not differ from the control group. The CSF white cell count showed a statistically significant but rather low correla tion with temperature (to mean ET: ? = 0.2483, P < 0.05); hypothermic meningitis at all levels, however, showed significantly lower cell counts than normother mic meningitis. At 32.0°C, TNF-a levels in CSF were lower than under normothermic conditions (273 ± 256 vs. 927 ± 439 pg/mL, P < 0.05).
In the posttreatment group, rCBF (128 ± 13 % of base line values) and ICP (Ll: 1.6 ± 1.84 mm Hg) were slightly increased 2 hours after meningitis induction, similar to the normothermic meningitis group. Cooling during a period of 30 minutes caused a reduction of rCBF of 5.5 ± 1.4% per degree. At 6 hours after meningitis induction, rCBF was the same as at 2.5 hours (89 ± 10% vs. 91 ± 6% of baseline values) and ICP was significantly reduced compared with the normothermic meningitis group (�: -0.4 ± 0.7 vs. 7.0 ± 2.8 mm Hg). Further, in this group the CSF cell count was significantly decreased (1588 ± 1792 per fLL).
DISCUSSION
Induced hypothermia attenuated the inflammatory re sponse in a rat model of bacterial meningitis. In particu lar, a reduction of ET of 2°C significantly decreased the influx of leukocytes into the CSF and the increase in rCBF. lCP was correlated with ET, and the increase of rcp was reduced at lower temperatures. Further, induced hypothermia decreased TNF-a, a key cytokine, in the CSF.
Inhibition of leukocyte recruitment has been shown to reduce brain edema, ICP and rCBF increase, and neuro nal damage and to improve survival in the rabbit and rat model of pneumococcal meningitis (Braun et aI., 1999; Tuomanen et aL, 1989; Weber et aI., 1995) . Hypothermia attenuated the influx of leukocytes into the CSF. Similar to our results, leukocyte migration was reduced by hy pothermia in a rat model of chemical peritonitis (Balch et aI., 1955) . This may be secondary to a decreased pro duction of pro inflammatory cytokines, as demonstrated in experimental brain trauma (Goss et aI., 1995) . We measured significantly decreased levels of TNF-a in the CSF at ET = 32°C. Accordingly, isolated human mono cytes produced less TNF-a, interleukin-l, and interleu kin-6 at 30.0°C compared with 34.5°C after stimulation with an antigen of Staphylococcus aureus. In contrast, after lipopolysaccharide stimulation, levels of these cy tokines were increased at the lower temperature (Luhm et aI., 1998) . A difference depending on the underlying pathogen must be considered. On human umbilical vein endothelial cells, expression of E-selectin and neutrophil adhesion was diminished at 25°C versus 37°C (Haddix et aI., 1996) . On leukocytes of patients undergoing coro nary bypass surgery, up-regUlation of adhesion mol ecules was delayed at lower temperatures (LeDeist et aI., 1995) .
A decrease of 2°C blocked the rCBF increase in our experiments. Cooling the animals 2 hours after intracis ternal injection of pneumococcal cell wall components also prevented the rCBF increase; the difference was significant. Cooling animals 2 hours after meningitis in duction to 30.5°C (as was done in the posttreatment group) reduced the rCBF, as in other studies (Croughwell et aI., 1992; Greeley et aI., 1993) , whereas rCBF was stable over time in already cooled and sham-operated animals. Hypothermia reduced the rCBF increase also in severe experimental head injury (Marion et aI., 1993) . Cooling patients with severe brain injury to a core tem- Pneumococcal cell walls caused an increase of regional cerebral blood flow (rCBF), intracranial pressure (ICF) and an intlux of white blood cells into the CSF (CSF-WBC).
* Indicates a significant difference compared to saline at 36.5°C (P < 0.(5). Hypothermia reduced these changes. Hypothermia induced 2 hours after meningitis induction was also protective.
tIndicates a difference compared to meningitis at ET of 36.5°C (P < 0.(5).
perature of 32.5°C did not alter cerebral blood flow sig nificantly but had a lowering effect on ICP and cerebral metabolic rates for oxygen and lactate (Metz et aI., 1996) . Hypothermia decreased nitric oxide levels in ex perimental brain trauma (Chatzipanteli et aI., 1999) . This effect should be considered because nitric oxide contrib utes to the rCBF and ICP increase in experimental men ingitis (Koedel et aI., 1995) . Clinically, the effect of hypothermia on ICP may be important because increased ICP is one of the most threatening complications in bacterial meningitis (Qua gliarello and Scheid, 1992) . In models of brain trauma and in patients with severe brain injury, induced hypo thermia diminished intracranial hypertension (Marion et aI., 1993; Metz et aI., 1996) . This may be due to protec tion of the blood-brain barrier, as reported in severe brain injury (Smith and Hall, 1996) as well as in stroke (Schwab et aI., 1998) .
Hypothermia in clinical use is considered to be safe (Marion et aI., 1993; Metz et aI., 1996) . It transiently affects blood pressure, cardiac and renal function, and gastric motility (Metz et aI., 1996) . In our study we ob served no relevant effects on the measured physiologic parameters (see Table 1 ) during a period of 6 hours. The slight decrease in mean arterial pressure should be con sidered carefully, because in bacterial meningitis cere bral autoregulation is impaired (Tureen et aI., 1990) , al though hypothermia per se seems to have no effect on autoregulation (Greeley et aI., 1993) .
We conclude that cooling to moderate hypothermia is a new tool that can be used to attenuate the inflammatory response and to inhibit the development of life threatening intracranial hypertension in the early phase of bacterial meningitis.
